Introduction
High-throughput purification of recombinant proteins on the laboratory and industrial scale requires a general approach that yields a predictable result. Recombinant DNA technology allows the fusion of purification tags to the target protein to alter the properties and generalize and facilitate the recovery process. Affinity tag purification of recombinant fusion proteins was described more than 20 years ago (Uhlen et al., 1983) , and this technology has since been an important tool for bioscience. Affinity tags are often very selective and thereby minimize the number of unit operations necessary for a pure product . However, most affinity fusion systems require harsh conditions to release the fusion protein from the affinity matrix, which can affect the protein of interest (Terpe, 2003) . Moreover, affinity resins are often costly and not optimal for column regeneration owing to column fouling and ligand leakage (Ford et al., 1991) . Sanitization of the equipment (cleaning in place, CIP) is needed for safe reuse on an industrial scale. The most common agent used for CIP is sodium hydroxide, giving a solution with very high pH, which destroys most proteins. This has hampered the use of protein-based affinity chromatographic media. Therefore, purification methods as selective as the affinity systems using milder elution conditions and more robust resins are desirable.
Ion-exchange chromatography (IEC) is a widely used protein separation technique in both small laboratory-scale and large-scale purifications. IEC is cheap compared with other chromatographic methods and the resins are normally robust and can withstand the harsh CIP conditions. By improving the selectivity for IEC, this system can be an alternative to the traditional affinity systems. One way to improve the purification factor of a target protein is to change the charge distribution on the surface to allow for stronger adsorption to the ion exchanger and thus render washing under more stringent conditions possible. This strategy was used earlier by Egmond et al. (1994) . A more attractive alternative, in order to avoid alterations of the target protein, is to fuse a charged moiety to the protein of interest. The first ion-exchange handle evaluated was a poly-Arg-tag consisting of six arginines fused to the C-terminal end of human urogastrone (Sassenfeld and Brewer, 1984) . Other positively and negatively charged tails composed of multiple arginines, glutamates or aspartic acids have also been constructed (Dalboge et al., 1987; Zhao et al., 1990) .
By using a protein domain capable of independent folding for grafting of charges, the potential to achieve a proteolytic stable purification tag with stringent and selective adsorbtion to the matrix should be higher compared with the earlier published unstructured charged tails.
Here we have taken advantage of a stable three-helix bundle protein, Z, for the design of negatively charged purification handles. The Z domain is a compact 58 amino acid (7 kDa) three-helix bundle derived from the B domain of staphylococcal protein A (Nilsson et al., 1987) . It contains no cysteine and is highly soluble and stable against proteolysis in a number of different hosts . In addition, this domain has earlier been shown to be highly permissive to mutations in helices 1 and 2 in studies where it was used as a scaffold for combinatorial mutagenesis to isolate variants with novel binding specificities using phage display selection technology (Nord et al., 1995 (Nord et al., , 1997 . The Z domain has also been used successfully for the construction of positively charged purification tags. Despite the high concentration of positively charged amino acids, the newly designed proteins were able to adopt an a-helical fold (Graslund et al., 2000) .
In this work, we used the three-helix bundle domain Z as scaffold for the accommodation of negative charge to allow for anion-exchange chromatography at low pH values. The designed, constructed and produced proteins were thoroughly analysed regarding structure, behaviour and also functionality as purification tags.
Materials and methods
Escherichia coli strain RRIDM15 (Ruther, 1982) was used as a host for the cloning work and E.coli strain BL21(DE3) (Novagen, Madison, WI) was used for protein expression. Synthetic oligonucleotides were purchased from Interactiva (Ulm, Germany). DNA restriction and modifying enzymes were purchased from New England Biolabs (Herts, UK) and used according to the manufacturer's recommendations. The base composition of the constructed vectors was verified by cycle sequencing using a MegaBACE 1000 DNA sequencing system (Molecular Dynamics/Amersham Biosciences, Sunnyvale, CA). Reversed-phase high-performance liquid chromatography (RP-HPLC) was performed on an HP 1090 instrument from Hewlett-Packard (Waldbronn, Germany) using a C-18 column (Grace Vydac, Hesperia, CA). All ionexchange experiments were performed on the Ä KTA-Explorer 10 and 100 system using a 1 ml Resource Q column (Amersham Biosciences, Uppsala, Sweden). All SDS-PAGE analyses were performed on 10-15% gradient gels (Amersham Biosciences) and run in a Phast system (Amersham Biosciences) under reducing conditions and stained with Coomassie Brilliant Blue R-350 according to the supplier's recommendations.
Assembly of Z variants
Recombinant DNA work was performed essentially as described by Sambrook et al. (1989) . Oligonucleotides coding for helices 1 and 2 of the three Z variants were assembled in a stepwise fashion analogous to the Z-library constructed by Nord et al. (1995) . The base compositions of the constructs were verified and the resulting vectors were labelled pKN1-Z acid1 and pKN1-Z acid2 , encoding one Z variant each followed by a streptococcal protein G-derived albumin-binding domain (ABD) (Kraulis et al., 1996) .
Construction of expression vectors
The vectors pKN1-Z acid1 and pKN1-Z acid2 were used as templates in PCR {[96 C for 20 s; 55 C for 30 s; 72 C for 90 s (30 times)], 72 C for 7 min} using the primers Soho2, GAATGCGCAACACGATGAAGCCGTAGACAACAAATT-CAACAAAGAA, and Grto36, CCGGCCGGCTGCAGT-TAATGGTGATGGTGATGGTGCCATTTCGGCGCCTGAG-CATCATTTAG. The PCR products were then restricted with FspI and PstI and the genes coding for the Z variants were isolated and ligated with pTrpABD (Kraulis et al., 1996) that had been cut with the same enzymes. The resulting vectors each code for a Z variant including the trp-leader in the Nterminus followed by a His 6 -tag in the C-terminus. The expression cassette is under control of the trp-promoter. The different vectors were named pTrp-Z acid1 and pTrp-Z acid2 .
For construction of the expression vectors, Z acid2 (without trp-leader and His 6 -tag) was fused into pET24a+ where the gene is under control of the T7-promotor. The Z acid2 gene was followed by a multi cloning sequence for insertion of different gene products. Z acid2 was PCR amplified from pTrp-Z acid2 using the primers Zau, ACACACTCTAGAAGG-TATACATATGGTAGACAACAAATTCAACAAAGAACA-GCAGAACGCTGAATACGAAATCGA, and Zan, ACAC-CAAGGGGCGCGCCGCCGGCGATATCGCATGCCTGCA-GGCGGCCGCAAATTCGGTTTCGGCGCCTGAGCATCA-TTTAGCTTTTTAGCTTCTGCTAGCAAGTT. The resulting PCR product was restricted with XbaI and StyI and ligated with pET24a+ that had been cut with the same enzymes and this vector was named pT7Za2.
The gene encoding maltose binding protein was PCR amplified from pBV102 using the primers MBPU, ACACGCGGCCGCCTGCCAAAATCGAAGAAGGTAAAC, and MBPN, ACACCTGCAGCGAATTAGTCTGCGCGT-CTTTC, and restricted with NotI and PstI before ligated with pT7Za2 cut with the same enzymes. This vector was named pT7ZaMBP and base composition was verified by sequencing.
Construction of the vector encoding the Z acid -GFP fusion protein was performed by cleaving plasmid pEGFP (BD Biosciences Clontech, Palo Alto, CA) with NheI and NotI and ligating the fragment encoding GFP into pT7Za2 that had been digested with the same enzymes. The resulting vector was named pT7ZaGFP. This vector was further used as a template for PCR amplification using the primers ZaDGFPU, ACAGGA-TCCGGTAGACAACAAATTCAACAAAG, and ZaDGFPN, ACAGGTACCTTCGGCGCCTGAGCATCATT. The resulting PCR product was cleaved with KpnI and BamHI and ligated with pT7ZaGFP cut with the same enzymes. The resulting vector contained the gene coding for a Zadimer at the N-terminal end of GFP and was named pT7ZaZaGFP.
The gene encoding luciferase was PCR amplified from the pPWLTx4 vector using primers EHMA-SacI-24, AAAAAAAAAGAGCTCCATGGAAGACGCCAAAAACA-TAAAG, and EHMA-HindIII-9, TTGGCAAGCTTACATTT-TACACTTTGGACTTTCCGC. The resulting PCR product was cleaved with SacI and HindIII and ligated with pT7Za2 cut with the same enzymes. The resulting vector, pT7ZaLuc, was then used as a template for PCR amplification using the primers ZaDLucU, ACAGAGCTCTGTAGACAACAA-ATTCAACAAAGA, and ZaDLucN, ACAGAGCTC GGTT-TCGGCGCCTGAGCATCAT. The resulting PCR product was cleaved with SacI and ligated with pT7ZaLuc cut with the same enzyme, giving the vector pT7ZaZaLuc.
Production and purification of Z wt , Z acid1 and Z acid2
The pTrp-Z, pTrp-Z acid1 and pTrp-Z acid2 constructs were grown at 37 C for 25 h in 100 ml of TSB+YE medium [30 g/l tryptic soy broth (Lab M, Topley House), 5 g/l yeast extract (Difco), 50 mg/l kanamycin]. Z was purified using IgG affinity chromatography as described by Nilsson et al. (1987) . Cell cultures containing Z acid1 or Z acid2 were centrifuged and the resulting pellet was resuspended in $20 ml of lysis buffer (6 M GuaHCl, pH 8.0) and kept at 37 C for 2 h prior to centrifugation at 10000 g for 20 min. The supernatants were filtered (0.45 mm) before loading on to a 5 ml TALON column (Clontech Laboratories, Palo Alto, CA) and purified essentially as suggested by the manufacturer.
Additional purification by RP-HPLC was done prior to the structure analysis. Samples were loaded on to a C-18 column (Grace Vydac, Hesperia, CA) at a flow rate of 1 ml/min. The column was previously equilibrated with 20% acetonitrile (AcN) supplemented with 0.25% pentafluoropropionic acid. The separation method included 10 min of isocratic elution with 20% AcN, a linear gradient from 20 to 60% AcN in 30 min followed by 10 min of isocratic elution with 100% AcN.
Circular dichroism measurements of Z, Z acid1 and Z acid2
Data were collected using a Jasco J-720 spectropolarimeter (Jasco, Tokyo, Japan) equipped with a thermostable waterbath for temperature control. The buffer used in all experiments was 10 mM phosphate supplemented with varying amount of KCl, pH 8.0. Data were collected between 190 and 250 nm at 25 C at a scanning speed of 50 nm/min and each spectrum is an average of three consecutive scans. The protein concentration was determined by amino acid analysis of two samples from each preparation.
Anion analysis of Z, Z acid1 and Z acid2
To investigate the behaviour of the Z variants, anion-exchange analysis was performed using the purified proteins. About 1 mg of each protein was loaded on to a 1 ml Resource Q column that had been equilibrated with 5 column volumes (CV) of running buffer (AIEX pH 5-9.5, 0.05 M 1-methylpiperazine, 0.05 M Bis-Tris, 0.025 M Tris). The column was washed with 10-15 CV of running buffer, with subsequent elution with a linear gradient of 0-1 M NaCl. The length of the NaCl gradient was 20 CV in all experiments and the chromatograms were recorded as the absorbance at 280 nm.
Production of Z acid2 fusion proteins
A colony containing pT7ZaMBP, pT7ZaGFP, pT7ZaLuc, pT7ZaZaGFP or pT7ZaZaLuc was grown overnight in a shake flask at 37 C in tryptic soy broth (Difco, Detroit, MI) supplemented with 5 g/l yeast extract (Merck, Darmstadt, Germany) and 50 mg/l kanamycin. On the following morning, 100 ml of fresh medium were inoculated with 1 ml of the overnight culture. The cultures were incubated at 37 C until OD 600 nm = 1, when isopropyl-b-D-thiogalactopyranoside (IPTG) (Apollo Scientific, Whaley Bridge, UK) was added to a final concentration of 1 mM and the incubation was continued for 4 h. One variant of each of the cultivations was harvested by centrifugation at 6000 g for 10 min. The resulting pellets were resuspended in 30 ml of 20 mM Bis-Tris, pH 6.0 and frozen for later use. To measure proteolysis, double samples from the cultivations were incubated for an additional 60 min. Chloramphenicol (100 mg/l) was added to stop protein synthesis. Every tenth minute, aliquots of cell suspensions were taken out, boiled in SDS buffer and analysed by SDS-PAGE.
Purification of Z acid2 fusion proteins
The cell cultures were thawed on ice and disrupted by sonication. Insoluble material was removed by centrifugation at 10 000 g for 10 min at 4 C, followed by filtration through a 0.45 mm filter. A 1 ml volume of the lysate was loaded on to a 1 ml Resource Q anion-exchange column previously equilibrated with 10 CV (10 ml) of running buffer (20 mM Bis-Tris, pH 6). After the loading step, unbound material was washed out with 10 CV (10 ml) of running buffer and weakly bound material was eluted with 150 mM NaCl. The target proteins were eluted using a linear gradient of NaCl from 150 mM to 1 M NaCl over 30 CVs (30 ml).
Results

Rationale for the design of Z acid variants
In this work we used the Z domain as a scaffold for designing highly charged protein domains. In order to create a negatively charged surface, appropriate amino acids in helices 1 and 2 were exchanged to negatively charged amino acids, glutamic acid or aspartic acid. The shorter carbon chain in aspartic acid makes it more susceptible to acid hydrolysis than glutamic acid, since it more easily forms a cyclic intermediate in the hydrolysis by binding to the backbone (Creighton, 1993) .
Glutamic acid is also found to have a higher propensity to form a-helices than aspartic acid (O'Neil and DeGrado, 1990) . Although glutamic acid residues in proteins have slightly higher pK a values than aspartic acids (Forsyth et al., 2002) , glutamic acid was chosen to be used.
For possible charge substitution, 13 positions, distributed over the first two helices constituting the Fc binding surface of the Z domain and in earlier work shown to be highly permissive to mutations, were chosen.
Two basic amino acids on the surface of helix 2 were the first to be exchanged (R27, K35). Two amino acids in helix 1, that when exchanged were expected to give the largest patches of negative charge, were also exchanged to glutamic acid (F13, L17). This gave rise to Z acid1 , a variant with four extra glutamic acids (Figure 1) .
A second variant containing even more glutamic residues was also constructed. This variant was called Z acid2 and contains 10 extra glutamic acids compared with Z (Figure 1) . Three of the 13 surface amino acids in Z were left unmodified: E24 and E25 since they already are glutamic acids and H18 as it is predicted to form the C-cap of helix 1 and thereby help in stabilizing the protein (Olszewski et al., 1996; Tashiro et al., 1997) .
The DNA sequences encoding the two mutated proteins, Z acid1 and Z acid2 , were fitted with codons encoding a hexahistidyl tag in their C-terminal end in order to make it possible to purify them through immobilized metal affinity chromatography (IMAC) (Porath et al., 1975) .
Expression and purification of Z variants
Z acid1 and Z acid2 were successfully expressed as intracellular His-tagged fusion proteins in E.coli and purified to 85 and 70% purity, respectively, using IMAC (data not shown). The material from the initial purification of the two variants was further purified by RP-HPLC to >95% purity (data not shown).
Structural characterization of Z, Z acid1 and Z acid2
In order to characterize the secondary structure of the Z variants, their absorption of far-ultraviolet circular polarized light was measured between 190 and 250 nm. The CD spectra collected for Z, Z acid1 and Z acid2 are shown in Figure 2 . The CD spectrum collected for Z reveals a molecule with an a-helical structure (Figure 2A ). This is in accordance with the NMR stucture determined by Tashiro et al. (1997) assigned to 65% a-helicity. The CD spectra collected for Z acid1 and Z acid2 ( Figure 2B and C, Table II) in a low-conductivity solution resemble a random coil conformation. In an attempt to shield the charges and thereby stabilize the structure, increasing amounts of KCl were added to Z acid1 and Z acid2 and new CD spectra were collected.
In KCl of >3 M, the spectrum of Z acid1 is similar to that of the parental Z scaffold ( Figure 2B , Table II ). On adding KCl to Z acid2 , the structure is also somewhat stabilized, but even at 4.5 M KCl the structure does not adopt the same degree of a-helicity as the parental Z ( Figure 2C , Table II ).
Analyses of proteolytic degradation of the fusion proteins
To analyse the proteolytic stability of the Z variants, producing E.coli cells were incubated at 37 C. In order to inhibit further protein synthesis, chloramphenicol was added to the suspension. No proteolyses could be detected by SDS-PAGE after 60 min of incubation at 37 C (data not shown).
Selective anion-exchange purification
Anion-exchange chromatographic characterization of the Z variants
The adsorption characteristics of the Z acid variants on an anion exchanger were investigated. At pH 7, Z and the acidic variants were quantitatively bound to the positively charged resin, as shown in Figure 3 . Using linear NaCl gradient elution, Z was eluted at a conductivity of 8 mS/cm ( Figure 3A ), whereas Z acid1 was more tightly bound to the ion-exchanging groups and therefore eluted at an NaCl concentration corresponding to 34 mS/cm ( Figure 3B ). The most negatively charged variant, Z acid2 , was eluted at 48 mS/cm ( Figure 3C ). At pH 6 the Z protein was only detected in the flow-through, whereas both Z acid1 and Z acid2 were quantitatively adsorbed. Both mutants were eluted at lower NaCl concentrations than at pH 7, corresponding to 23 and 40 mS/cm, respectively ( Figure 3B and C). These ion-exchange results showed that Z was negatively charged at pH 7 but positively charged at pH 6. Z acid1 and Z acid2 , on the other hand, were negatively charged both at pH 6 and 7. When the pH of the running buffer is lowered to 5, Z acid1 was not adsorbed, whereas Z acid2 was still bound to the matrix and eluted at a conductivity of 24 mS/cm. At pH 4 all three Z variants were detected in the flow-through ( Figure 3A -C).
Anion-exchange chromatographic characterization of Z acid fusion proteins
In order to evaluate the usefulness of the Z acid2 domain as a purification handle, fusion proteins consisting of Z acid2 as a genetic fusion to green fluorescent protein (GFP) (calculated pI = 5.59), firefly luciferase (Luc) (calculated pI = 6.0) and maltose binding protein (MBP) (calculated pI = 5.52), were also expressed and purified by anion-exchange chromatography (Table I ). The influence of the conductivity in the washing steps was investigated by the addition of NaCl to the washing buffer while performing the purification. This led to the conclusion that a running pH of 6.0 and a conductivity of 18 mS/cm were conditions, very stringent and also mild, that could be used for the quantitative recovery of the fusion protein from the anion-exchange resin (Figure 4 ). By using a running buffer with high conductivity we were able to omit binding of undesired proteins to the matrix. Z acid2 Luc and Z acid2 MBP were eluted at about the same conductivity, 18.7 and 18.5 mS/cm, respectively (Table I ). Z acid2 GFP was eluted at a higher conductivity (20.5 mS/cm, Table I and Figure 4A ). In order to reveal if dimerization of the Z acid2 domain would improve the adsorption to the matrix, genetic constructs with two Z acid2 domains followed by the target molecule were constructed. Interestingly, all target proteins fused to a Z acid2 dimer were eluted at a significantly higher conductivity, Z acid2 Z acid2 GFP at 28 mS/cm and Z acid2 Z acid2 Luc at 25.7 mS/cm (Table I and Figure 5A ).
To analyse the purity of the eluted target proteins, samples from the purification were analysed by SDS-PAGE together with the cell lysate and flow-through fractions ( Figures 4B, 5B and 6). The eluted fractions were shown to contain a major protein band of the expected molecular size. By evaluating the SDS-PAGE results with QuantityOne software we were able to conclude that >90% of the Z acid2 fusion protein was adsorbed on the column. Eluted material was shown to contain a protein Tashiro et al. (1997) . Z is highly permissive to mutations in 13 surface residues located in helices 1 and 2. In order to engineer a negatively charged surface, some of these residues were exchanged to negatively charged amino acids. (B) Model of the electrostatic potentials of the three Z variants. Colouring of Z (left), Z acid1 (middle) and Z acid2 (right) shows positive potential as blue and negative potential as red. Molecular modelling was performed on a Silicon Graphics Octane workstation (Access Graphics, Amstelveen, The Netherlands) using Sybyl (Tripos, St. Louis, MO). Energy minimization was carried out using a Kollman-all force field (Weiner et al., 1984 (Weiner et al., , 1986 ) with standard parameters. The model of Z wt was constructed by adding hydrogens to the N-terminus of the NMR structure (Tashiro et al., 1997) . Electrostatic surface potentials were calculated using Delphi (Gilson and Honig, 1987; . Molecular surfaces were built in Grasp .
band corresponding to Z acid2 fusion protein, of $90% purity. The eluted material was also analysed by agarose gel electrophoresis to detect co-eluted nucleic acids. As can be seen in Figures 4 and 5 , the nucleic acids are eluted at a higher conductivity and thereby do not contaminate the target protein. Since the excitation wavelength of GFP is included in the UV light used when detecting nucleic acids, the fractions containing fusion proteins with GFP, Z acid GFP and Z acid Z acid GFP, are also excited on the agarose gel (Figures 4 and 5) .
Discussion
In this work, negative charge was introduced, by protein design, on to the surface of a highly ordered and stable Fig. 2 . Circular dichroism spectra of Z (A), Z acid1 (B) and Z acid2 (C) between 200 and 250 nm. Overlay plot of spectra collected at varying concentrations of KCl (large diamonds, 0; squares, 0.5, small triangles, 1, small circles, 1.5, -, 2, large circles, 3, large triangles~, 3.5, small diamonds, 4, -, 4.5 M). Z gives a spectrum typical for helical conformation while the acidic variants resemble more of a random coil conformation in low-conductivity environment. The negative charges in the Z acid variants probably repel each other and destabilize the structure. The a-helical structure could be induced by adding KCl. All Z variants are produced with a C-terminal His 6 tag and a Trp-leader sequence consisting of 18 amino acids.
Selective anion-exchange purification three-helix bundle domain from the bacterial receptor protein A. The aim with this strategy was to create charged purification tags with strong adsorption on an ion-exchange resin for use in protein purification of recombinantly produced protein products.
The domain Z is normally slightly acidic (pI 5.16) but could be made more acidic by introducing negatively charged amino acids. The use of a charged Z domain as compared with charged peptides has several advantages. First, the Z domain is highly soluble and can increase the solubility of fusion proteins (Samuelsson et al., 1994) . Second, the introduction of charges into a highly ordered structure allows the charge to be distributed in a predicted way over a large surface, giving a well-defined patch for interaction with the matrix which will probably increase the strength of the interaction. Third, amino acids in ordered structures are poorly recognized by trypsinlike proteases (Wang et al., 1989; Jonasson et al., 1996) .
Both new variants were successfully produced in E.coli without being subjected to measurable proteolysis, indicating that they were proteolytically stable despite their high content of negatively charged amino acids. However, far-ultraviolet CD measurements on the purified acidic mutants showed that their secondary structure was far more unstructured than that of their parental molecule Z. Interestingly, by adding salt to the buffer, the a-helicity of the Z acid variants could be partly recreated. It has been shown earlier that the Z domain is permissive to numerous changes in the amino acid content (Nord et al., 1995) . However, these data suggest that multiple negative charges on the surface of the molecule are more deleterious to the structure than positive charges (Graslund et al., 2000) . The highly charged and unstructured properties of the acidic variants are also reflected in the migration in the SDS-PAGE analysis of the various variants (data not shown). The theoretical molecular weights differ from the apparent sizes, judged by the electrophoresis, increasingly with charge. Fig. 3 . Overlay of the anion exchange chromatograms of Z (A), Z acid1 (B) and Z acid2 (C) at pH 7, pH 6, pH 5 and pH 4. About 1 mg of each protein was loaded on to a 1 ml Resource Q column. Z is able to bind to an anion-exchange matrix down to pH 7 whereas Z acid1 is adsorbed down to pH 6 and Z acid2 even down to pH 5. A comparison between the wild-type Z domain and the engineered variants in anion-exchange experiments demonstrated a dramatic difference in chromatographic performance. At pH 7 the acidic variants were eluted at much higher salt concentrations than the wild-type variant and at lower pH values only the engineered variants could be adsorbed on the chromatographic resin (Table I, Figure 3 ). These ionexchange results showed that Z was negatively charged at pH 7 but positively charged at pH 6. The pH-dependent binding properties followed the expected differences in surface charge properties. Even though the highly charged mutants are unstructured in a low salt environment, they adsorb tightly on an anion-exchange resin and are easily eluted by merely increasing the salt concentration.
The high conductivity needed for elution of the domains indicates that the proteins are able to adopt an ordered structure, displaying a well-defined charged surface when binding to the matrix. This hypothesis was evaluated by eluting the protein in denaturating conditions using 8 M urea. In that experiment the domain was eluted at a conductivity below 10 mS/cm (data not shown). Additional support for the suggestion of an ordered structure is obtained from the CD data, indicating that a charged environment aids in accommodating an a-helical structure. . SDS-PAGE (gradient 10-15%) analysis of the purification of Z acid2Luc (MW = 68.8 kDa) and Z acid2 MBP (MW = 52.7 kDa). Lanes from left to right: molecular marker (sizes in kDa), load Z acid2 Luc, eluate Z acid2 Luc, load Z acid2 MBP, eluate Z acid2 MBP.
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Selective anion-exchange purification
For further evaluation of the usefulness of negatively charged purification handles, we chose to work with the most negatively charged domain, Z acid2 . Owing to the low a-helcity of the purification tags, high proteolysis could be expected. Therefore, proteolytic analyses of the different protein products were performed. Interestingly, no measurable degradation could be detected.
When fusing different target proteins to Z acid2 , it was possible to perform the entire anion-exchange chromatographic purification procedure at pH 6.0 with a conductivity as high as 18 mS/cm in the washing buffer. These parameters resulted in an efficient adsorption of the protein on the anion-exchange column and allowed for effective washing without loss of material. Using a gradient elution (0.15-1 M, 30 CV), nucleic acids adsorbed on the anion-exchange resin could be quantitatively separated from the Z acid2 fusions (Figure 4) .
The set of parameters optimized for Z acid2 -GFP was also used for the purification of Z acid2 -MBP and Z acid2 -Luc fusion proteins. Z acid2 -MBP and Z acid2 -Luc were adsorbed equally strongly on the anion exchange resin even though their pI values differ by 0.4 units ( Table I ). This suggests that the N-terminal Z acid domain is the main factor responsible for the adsorption. Z acid2 -GFP, however, which has a pI only 0.1 lower than Z acid -MBP, was adsorbed much more strongly. This might be because GFP has a compact structure shielded from the charged Z acid domain.
In an attempt to achieve stronger adsorption to the anion exchange resin, a Z acid2 -dimer was fused to the target protein.
The same purification parameters as for the monomers were used when purifying Z acid2 Z acid2 GFP ( Figure 5 ) and Z acid2 -Z acid2 Luc (data not shown). As expected, these proteins were eluted at a much higher conductivity.
Here we have designed and thoroughly characterized negatively charged protein domains intended for anion-exchange chromatography. These handles, despite their disordered structure in low salt solution, have been shown to adsorb efficiently on an anionic matrix and elute quantitatively with elevated conductivity. A number of different target proteins have been purified. The result suggests that it should be possible to utilize the same set of generic parameters with regard to conductivity and pH of the feed stream and also the running buffer in the purification of a wide range of Z acid2 fused target proteins.
